Background. Sigma (j) factors are transcription initiation factors that modulate the response of Mycobacterium tuberculosis to changes in extracellular milieu, allowing it to survive stress.
j factors regulate housekeeping gene functions, alternative j factors control adaptation to specific environmental stimuli and stress [5] . The temporal expression of specific regulons controlled by one or more alternative sigma factors likely allows M. tuberculosis to survive in multiple phases of tuberculosis [6] .
Three well characterized M. tuberculosis j factors (j H , j E and j B ) act in a network, likely performing overlapping functions [7] [8] [9] [10] . The factor j H is induced by multiple stress conditions [8, 10, 11] , and phagocytosis [12, 13] . Its activity is regulated by an anti-sigma factor [14] and a protein kinase [15] . The D-j H mutant is attenuated in vivo [8] . The factor j H directly regulates the transcription of 31 genes, including the j E , j B , and the thioredoxin regulon [8, 10] . Induction of j H causes dramatic downstream changes in M. tuberculosis gene expression [16] . The factor j E is also induced upon uptake by macrophages [12, 17] and in multiple stress conditions [17, 18] . The D-j E mutant is not lethal in mice and induces granulomas with lower inflammation [19, 20] . The factor j E regulates the expression of j B , hsp and htpX. The factor j E is transcribed in either a j H [8, 10] or an MprAB-dependent manner [21, 22] , and is subject to regulation by an anti-sigma factor [23] , and by the protein kinase which also influences the expression of j H [24] . The levels of the MT2816/Rv2745c gene are up-regulated in a manner dependent on j H [16] and j E [7] and by treatment with the antibacterial vancomycin [25] .
To characterize the role of the MT2816/Rv2745c encoded protein, we studied its expression under conditions of environmental stress (redox and oxidative stress, heat shock and acid shock, cell-wall damage, nutrition starvation, and exposure to antibacterials) and during intraphagosomal growth. Assays were performed in wild-type M. tuberculosis and the D-j H and D-j E mutants to identify the effect of these 2 j factors on MT2816/Rv2745c induction. The expression of j H , j E , and j B was simultaneously analyzed. Given this experimental design, we hoped not only to discover the environmental conditions that induce the expression of MT2816/Rv2745c, but also compare its expression in strains of M. tuberculosis unable to induce either j H or j E . Finally, we also identified the influence of the MT2816/Rv2745c encoded transcription factor on the global transcriptome profile of M. tuberculosis.
MATERIALS AND METHODS

Culture Conditions
Wild-type M. tuberculosis CDC1551 and its isogenic D-j H and D-j E mutants were cultured as described elsewhere [16] and harvested at 3 stages of growth (measured by turbidity at 600 nm [A 600 ]): an early stage (A 600 , 0.3), a middle stage of growth (A 600 , 0.6) and a late stage of growth (A 600 , 1.2). We measured the effect of the following stress conditions on the expression of MT2816/Rv2745c for 2 h (samples were collected before stress and at 30, 60, 90 and 120 min poststress): exposure to 10 mM diamide [16] , exposure to 0.01% H 2 O 2 , exposure to 0.1% SDS, 5% ethanol, heat shock (45ЊC), acid shock (pH 4.5), nutrition limitation [26] , and exposure to various antimycobacterials (0.75 mg/mL isoniazid, 7.5 mg/mL streptomycin, 12 mg/mL ethambutol, and 10 mg/mL thioridazine) [27] . Twentyfive milliliter samples from each time point of each condition were used to isolate RNA and protein.
Macrophage Culture and Infection
Primary macrophages were isolated from specific pathogenfree rhesus macaque (Macaca mulatta) femur bone marrow at necropsy. Macrophages were grown in Iscove's modified Dulbecco's medium (IMDM, Mediatech), supplemented with 10% heat-inactivated fetal bovine serum (Gibco) and 1% penicillinstreptomycin (BioWhittaker), seeded with 10 6 cells/mL, and infected at a multiplicity of infection of 10 [28] . After 4 h, the cells were extensively washed to remove extracellular bacilli and placed in culture medium and incubated for another 24 h. Intracellular bacilli were liberated from lyzed phagocytes by differential centrifugation [28] , and M. tuberculosis RNA was isolated. The expression of MT2816/Rv2745c and j factors was compared between M. tuberculosis organisms grown in phagocytes and M. tuberculosis organisms grown in vitro.
Isolation and Characterization of RNA, Isolation of Proteins and Antibody, and Western Blotting
RNA isolation and real-time quantitative polymerase chain reaction (qPCR) were performed as described elsewhere [16] . The specific oligonucleotides used for and their DNA sequences are listed in Table 1 . Expression was normalized using j A , and the average relative changes in amplification cycles determined for 3 replicate experiments in M. tuberculosis relative to either the D-j H or the D-j E mutants. Anti-MT2816/Rv2745c antibody detection, protein isolation, and Western blotting procedures were performed as described elsewhere [16] .
DNA Microarray Experiments
We compared the transcriptome of an M. tuberculosis strain carrying a copy of the MT2816 gene under the control of a tetracycline promoter [29] in presence and in the absence of the inducer. RNA was isolated 1 h after addition of tetracycline, and Cy-labeled products were hybridized to a custom designed K multipack M. tuberculosis tiling microarray (Agilent 4 ϫ 44 Technologies). Lowess normalization was used to eliminate intensity-specific bias [16] . Since the tiling array encodes several probes for each gene, feature outliers were eliminated whereas all other reporters were combined, and their data summarized. Genes were considered to be differentially expressed if their expression was significantly perturbed (defined as 50% or more in each of the 3 replicate experiments).
RESULTS
Expression of MT2816/Rv2745c during Normal Growth Conditions
The expression of MT2816/Rv2745c in wild-type M. tuberculosis and the 2 mutant strains remained unchanged at the middle stage of growth (A 600 , 0.6) and the late stage of growth (A 600 , 1.2) in rich broth, relative to its expression at an early stage of growth (A 600 , 0.3) ( Table 2) .
Expression in Response to Environmental Stress
Redox stress by means of diamide induces the expression of j H and its downstream regulon in M. tuberculosis [8, 10, 16] . On stress with diamide, the expression of MT2816/Rv2745c was dramatically induced in wild-type M. tuberculosis but not the D-j H mutant ( Figure 1A ). The levels of the MT2816/ Rv2745c transcription were significantly induced at 30 min, peaked at 60 min, and remained significantly elevated till the 120 min time point; the levels of j H , j E , and j B were also induced in M. tuberculosis, relative to the D-j H mutant ( Figure  1A ). On the contrary, the expression of MT2816 and j H was Figure 1E ). On the other hand, the levels of MT2816/Rv2745c and j H were not higher in M. tuberculosis than in the D-j E mutant ( Figure 1F ). Clearly, the sole loss of j E activity in this mutant was not sufficient to abrogate the expression of MT2816/Rv2745c. Western blotting confirmed that MT2816/Rv2745c protein expression was induced in M. tuberculosis but not in the D-j H mutant ( Figure  1G and H).
Damage to M. tuberculosis membrane by SDS induces the expression of j E [7] . Hence, we studied the expression of MT2816/Rv2745c and the 3 j factors following exposure to SDS. The levels of j E were particularly induced in wild-type M. tuberculosis relative to the D-j H mutant ( Figure 1I ). This indicates that the expression of j E is impaired in the D-j H mutant. The expression of MT2816/Rv2745c was higher in M. tuberculosis than in the D-j H mutant following SDS stress; the expression of j H was also slightly higher. Relative to the D-j E mutant, the expression of MT2816/Rv2745c or j H was slightly higher in M. tuberculosis, but the expression of j E was, as expected, higher in M. tuberculosis ( Figure 1J ).
Expression in Response to Other Environmental Stress
We then analyzed the expression of MT2816/Rv2745c in wild- 
Expression after Exposure to Antimycobacterials
Expression of MT2816/Rv2745c was recently reported to be induced when M. tuberculosis is exposed to vancomycin, a glycopeptide antibiotic that interacts with the bacterial cell wall [25] . We investigated whether MT2816/Rv2745c is induced by other agents that target the M. tuberculosis cell wall by studying its expression in M. tuberculosis and the 2 j factor mutants following exposure to isoniazid and ethambutol. These 2 frontline antituberculosis drugs also directly target the cell wall. We also studied expression following exposure to streptomycin, which does not target the M. tuberculosis cell wall.
The expression of MT2816/Rv2745c and the 3 j factors, j
, was not perturbed in wild-type M. tuberculosis, the D-j H mutant, or the D-j E mutant upon exposure to these antibiotics. The expression of these genes remained unchanged in M. tuberculosis, compared with that in either mutant strain, following exposure to isoniazid or ethambutol ( Figure 3A-D) or streptomycin (not shown).
Thioridazine is a phenothiazine with potent antimycobacterial activity that perturbs the intrabacterial redox potential [31, 32] . We have recently shown that thioridazine also modulates the structure of the M. tuberculosis cell wall [33] . We therefore studied the expression of MT2816/Rv2745c in a time- Figure 3E ). However, when expression was compared between M. tuberculosis and the D-j E mutant, MT2816/Rv2745c and j H were not differentially expressed ( Figure 3F ). These results again show that j H is required for optimal expression of MT2816/Rv2745c in response to stress.
Expression during Intraphagosomal Growth
The expression of both j H and j E is induced in host phagocytes during infection with M. tuberculosis [12] . Since the expression of MT2816/Rv2745c appeared to be dependent on j H , we tested whether its expression is also induced in host phagocytes. Nonhuman primates most accurately capture various aspects of human tuberculosis [34, 35] . We studied the expression of MT2816/Rv2745c in rhesus macaque bone marrow-derived primary macrophages, whose phenotype was verified for the expression of immunological markers by flow cytometry. These Rv2745c and all 3 j factors was induced at 24 h in M. tuberculosis ( Figure 4B ).
Changes in M. tuberculosis Transcriptome Induced by the Conditional Expression of MT2816/Rv2745C
To identify the role of the MT2816/Rv2745c encoded transcription factor, we generated a recombinant strain of M. tuberculosis CDC1551 with an additional copy of the MT2816 gene that was under the transcriptional control of a tetracyclineinducible promoter. Transcription was compared using DNA microarrays and the recombinant strain expressing MT2816/ Rv2745c under the control of the tetracycline promoter, relative to the parental strain, that does not express the recombinant MT2816 gene. The expression of MT2816/Rv2745c was highest 
Table 3. Genes Induced by Conditional Expression of MT2816/ Rv2745c in Mycobacterium tuberculosis
This table is available in its entirety in the online version of the Journal of Infectious Diseases 6 h after induction, as measured by qPCR, but was sufficiently induced 1 and 2 h after induction (data not shown). To identify direct effects of MT2816/Rv2745c, the microarray experiment was performed using the 1 h postinduction samples. The expression of MT2816/Rv2745c was induced (∼3-fold) in each of the 3 independent biological replicates; there were 141 genes that showed a higher level of expression and 47 genes that showed a lower level of expression following the induction of MT2816/Rv2745c (Table 3, Table 4 , and Table 5 ).
The expression of heat shock genes hsp and groES and the genes for toxin-antitoxin, Clp protease, and bacterioferretin was also induced. The expression of otsA, which codes for a key enzyme that synthesizes trehalose phosphate, a multifunctional molecule thought to be important for surface and oxidative stress defense, as well as mycolic acid transport, was highly induced in the strain expressing MT2816/Rv2745c, along with the expression of numerous other lipid and/or fatty acid biosynthetic genes. The expression of ribulose phosphate epimerase (rpe), protein kinase pknD, isoniazid-inducible protein iniB, multidrug transporter mmr, proteasome subunits prcA and prcB, and GCN5 N-acetyl transferases (Rv730, Rv0802 and Rv2705) was also induced (Table 3 and Table 4 ).
Interestingly, the expression of 2 neighboring genes, Rv2744c and Rv2743c, was repressed in M. tuberculosis after conditional induction of MT2816/Rv2745c (Table 5 and Table 6 ). Other genes with lower expression following the conditional induction of MT2816/Rv2745c included katG and pknA, genes for succinate dehydrogenases (sdhA and sdhB), the gene for succinyl coA synthetase (sucC), and genes for enzymes of menaquinone biosynthesis (menA and menB). The global expression profiles showed that the stress response phenotype of the MT2816/ Rv2745c encoded protein may help M. tuberculosis to adapt to and manage changes in energy metabolism and cellular redox potential. [21] .
Orthologs of MT2816/Rv2745c are present in all mycobacteria. Orthologs of the predicted MT2816/Rv2745c DNA-binding protein in Streptomyces coelicolor and Corynebacterium glutamicum act as regulators of clp genes [37, 38] . The expression of MT2816/Rv2745c is induced during redox stress [16] and SDS stress [18] in M. tuberculosis. It is also coexpressed with j H and j E during enduring hypoxia [39] . Clearly, the protein encoded by MT2816/Rv2745c plays an important role in stress response. To better understand the regulation of MT2816/ Rv2745c, we studied its expression in wild-type M. tuberculosis, the D-j H mutant, and the D-j E mutant during normal and stress conditions. Simultaneously, the expression of j H , j E and j B was studied to help pinpoint the role played by each of these factors in the expression of MT2816/Rv2745c. MT2816/Rv2745c was coexpressed with j H , j E and j B in M. tuberculosis during diamide stress ( Figure 1A-D) , heat stress ( Figure 1E-H) , and SDS stress ( Figure 1I and J) . This is mostly consistent with our current understanding, with the exception of the fact that we observed a slight but significant induction in the levels of j H following SDS stress in M. tuberculosis. The absolute levels of MT2816/Rv2745c and all 3 j factors following SDS stress were significantly lower than those obtained for diamide stress and heat stress.
These results show that the presence of j H is necessary for the optimal induction of MT2816/Rv2745c in M. tuberculosis. The expression of MT2816/Rv2745c was either not induced or induced at significantly lesser levels following these stress conditions in the D-j H mutant. On the other hand, the expression of MT2816/Rv2745c was reduced in the D-j E mutant, compared with M. tuberculosis. It is likely that, at least under the conditions studied here, the expression of j H (which is func-tional in the D-j E mutant) allowed optimal expression of MT2816/Rv2745c in the D-j E mutant. This indicates that the observed induction of j E during the conditions studied here may be an indirect affect of the induction of j H . On the other hand, on the basis of these results, it appears that j B is also directly induced following certain stress conditions (e.g., heat stress and acid stress), in addition to its j H -and j E -dependent induction. The levels of MT2816/Rv2745c did not increase under many stress conditions (Figure 2A-D, G-H and Figure 3A-D) . This indicates that nonspecific oxidative stress or damage to the M. tuberculosis cell wall is insufficient to induce the expression of MT2816/Rv2745c. Induction of MT2816/ Rv2745c is absolutely linked to the activation of a network of j factors (j
. This is supported by the coexpression of MT2816/Rv2745c, j H , and j E during diamide stress [16] and SDS stress [7] , and during enduring hypoxia [39] . Further, the expression of MT2816/Rv2745c was induced at low pH. This is not surprising, since the expression of j H has been shown to increase in M. tuberculosis during acid shock [13] . Finally, our experiments with M. tuberculosis-infected primate bone marrow-derived primary phagocytes indicate that the expression of MT2816/Rv2745c and the j H -j E -j B network occurs during infection. This result raises the prospect that the protein encoded by MT2816/Rv2745c is required by M. tuberculosis to manage host-derived stress during infection.
Exposure of M. tuberculosis to vancomycin, a drug that targets the bacterial cell wall, induces the expression of MT2816/ Rv2745c [25] . We have recently shown that thioridazine, which also induces MT2816/Rv2745c expression, damages the M. tuberculosis cell wall (N.K.D., S.M., and D.K., unpublished data). Stress caused by damage to the M. tuberculosis cell wall may decrease proton-motive force [25] . MT2816/Rv2745c may help stabilize the cell wall in response to this damage. The genes induced by MT2816/Rv2745c encode cytochrome oxidase, mycothiol glycosyltransferase, ferridoxin C, an allosteric modulator of glucose-6-phosphate dehydrogenase, ribulose-phosphate epimerase, malate dehydrogenase, and various other dehydrogenases. This result indicates that the cellular redox potential and energy stores are depleted following stress conditions, likely because of membrane damage. Gene expression reprogramming by MT2816/Rv2745c attempts to restore this redox potential. This explains the induction of MT2816/Rv2745c, in response to thioridazine, a drug that disrupts bacterial redox potential by inactivating NADH dehydrogenase [31, 32] . The expression of menaquinone synthesis genes (menA and menB) was significantly repressed following MT2816/Rv2745c overexpression. Menaquinone synthesis has been implicated in electron transport during nonreplicative persistence, and the significance of its repression by this regulator is currently not understood by us.
Of particular interest was the induction of otsA, which codes for trehalose-phosphate synthase. This gene is a member of the dominant biosynthetic pathway for trehalose, a disaccharide constituent of cell wall glycolipids. Trehalose plays an important role in cell wall biogenesis, and also acts as a defense mechanism for surface and oxidative stress. Because it is absent from mammalian cells and because of the central importance of the cell wall to the survival of M. tuberculosis, trehalose biosynthesis and its regulators are excellent targets for antitubercular drug development.
The expression of Rv1425, encoding triacylglycerol synthase, was also induced. M. tuberculosis may utilize triacylglycerols to overcome the damage to the cell wall. The expression of protein kinase PknD, which phosphorylates and influences the activity of the anti-anti-j F [40] , was also induced. The expression of a cAMP receptor transcription factor, Rv3676, and rpfA, a gene that codes for resuscitation promotion factor and that is dependent on Rv3676 for its expression [41] , were both induced by MT2816/Rv2745c.
Although the 2 genes neighboring MT2816/Rv2745c (Rv2744c and Rv2743c) show diminished expression following the induction of this regulator, we do not believe that the protein encoded by MT2816/Rv2745c is a repressor of its own operon. The concomitant induction of these 3 genes has been shown to occur after SDS stress [20] and after exposure to thioridazine (N.K.D., S.M., and D.K., unpublished data). It is possible that in the absence of actual stress, a negative-feedback regulatory switch controls the induction of this operon.
MT2816/Rv2745c, an important stress-response factor of M. tuberculosis, is induced in response to a diverse range of environmental cues. Our results raise the possibility that modulation of gene expression by MT2816/Rv2745c may help M. tuberculosis survive in the face of in vivo stress mimicked by these in vitro conditions. In future, we will study the role of MT2816/Rv2745c by studying the phenotype of its conditional mutant.
